The photodissociation of formic acid has been studied experimentally and theoretically. Ab initio calculations were performed to study the dissociative profiles of five reaction channels on the S 0 , S 1 , and T 1 potential energy surfaces. The vibrationally excited nascent products were detected using a time-resolved Fourier transform infrared spectrometer after laser photolysis at 248 or 193 nm. In the 248 nm photolysis, the HCOOH molecule was first excited to the S 1 state, but it was found that the dissociation takes place on the S 0 surface after internal conversion. The products of the vibrationally excited CO, CO 2 (v 3 ) and H 2 O(v 1 ) were detected. During the dissociation process the vibrationally energized molecule is geometrically memorized and dynamically controlled, with the yield preference of CO and H 2 O over that of CO 2 and H 2 . The ratio of CO(vу1)/CO 2 (v у1) is estimated as Ͻ7.5. Vibrationally excited CO (v) and CO 2 (v 3 ) are also found in the 193 nm photolysis but the CO/CO 2 ratio increases to 11. Most of the dissociation is thought to occur on the S 0 state. At this wavelength another dissociation channel which produces OH and HCO radicals on S 1 surface has been identified. The dissociation is unlikely to occur on the T 1 surface, as the energy barriers are fairly high.
I. INTRODUCTION
As the simplest carboxylic acid, formic acid is an important intermediate in the oxidation of unsaturated hydrocarbons in combustion. 1 HCOOH is also the ultimate intermediate of the reaction CH 2 ϩO 2 . Decomposition of formic acid leads to the end products CO and CO 2 in flames. 2 It is also the simplest interstellar molecule containing a carboxyl group, which has been identified in the interstellar cloud Sgr B 2 . 3, 4 The ground state S 0 (X 1 AЈ) of HCOOH is of C s symmetry with a planar geometry. The first absorption S 1 ←S 0 refers to *←n transition of the carbonyl group. 5 Sugarman reported that the absorption spectrum consists of diffuse bands from 250 to 225 nm, which merge into continuum below 225 nm. 6 This diffusion spectrum reflects the predissociative behavior of HCOOH in the excited state. Ng et al. have reported a weak absorption at the wavelengths greater than 260 nm. 7 This band became progressively sharper at longer wavelength.
The five dissociation channels that can possibly occur in the photolysis of formic acid are given in Table I .
The table also lists the available energy (E avail ϭhv Ϫ⌬H o°) after photolysis at 248 and 193 nm.
Thermal decomposition of the ground-state S 0 has been experimentally and theoretically investigated by several groups. [8] [9] [10] [11] All of these studies agree that in the pyrolysis of HCOOH the most important reactions are via ''molecular elimination'' in reactions ͑1͒ and ͑2͒. Channel ͑1͒ was found to be the predominant reaction. Early ab initio computations indicated that the energy barrier ͑81.6 kcal/mol͒ of channel ͑1͒ is higher than that ͑62.1 kcal/mol͒ of channel ͑2͒, while recent theoretical calculations 12, 13 indicate that the two barriers have similar heights, 68 kcal/mol for channel ͑1͒ and 71 kcal/mol for channel ͑2͒.
Channels ͑3͒-͑5͒ can only occur from electronically excited states because of the higher energy requirement for these reactions. Singleton et al. [14] [15] [16] [17] [18] [19] [20] carried out a series of photolysis experiments at 222 nm, detecting the photolysis products by the laser induced fluorescence ͑LIF͒ method. For the OH product, a quantum yield of 0.70-0.80 was determined. [14] [15] [16] [17] [18] [19] So they suggested that the photolysis of the S 1 state is dominated by channel ͑3͒. In addition, they observed a small amount of CO and CO 2 by static Fouriertransform infrared ͑FTIR͒ spectroscopy. 20 However, they could not distinguish whether these two products were generated directly from channels ͑1͒ and ͑2͒ or indirectly via channels ͑4͒ and ͑5͒. By LIF spectroscopy, Ebata 21 et al. observed OH fragment from the photolysis of HCOOH at several wavelengths between 250 and 220 nm. Almost no vibrational excitation ( f v р0.009) and very low rotational excitation ( f r р0.06) were found for the OH product. They proposed that channel ͑3͒ might take place in the S 1 state with a nonplanar structure. On the other hand, predissociation through an internal conversion to the S 0 state was also possible. Brouard et al. 22 recorded the LIF and resonantly enhanced multiphoton ionization ͑REMPI͒ spectra for OH and HCO radicals, respectively, after the photolysis of HCOOH at 225 nm. They discussed the character of the transition state and suggested that channel ͑3͒ occurred via predissociation from the S 1 state.
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The previous investigations of the photolysis of HCOOH suggest that the photolysis mechanism is still obscure. In this paper, we report our experimental results on the dissociation of formic acid at 193 and 248 nm. We also report theoretical calculation of the dissociation profiles from the S 0 , S 1 , and T 1 potential energy surfaces ͑PES͒. The equilibrium geometries, intermediate structures, and energy barriers, as well as product states are found. Experimental investigations of the laser photolysis of formic acid used time-resolved Fourier transform infrared ͑TR FTIR͒ spectroscopy to follow vibrationally excited products. Nascent products were found and thus the preferable dissociation channels have been determined. Furthermore, the reaction mechanisms on the S 0 , S 1 , and T 1 surfaces have been discussed based on the theoretical calculations and the experimental results.
II. EXPERIMENT
The experiment was performed with a TR FTIR apparatus which uses laser photolysis to produce vibrationally excited products. The details of the setup and the TR FTIR spectrometer have been described elsewhere. 23 Briefly, an excimer laser beam at 248 nm ͑KrF laser, Lambda Physik LPX305i, Ϸ150 mJ/pulse͒ or 193 nm ͑ArF laser, Lambda Physik LPX305i, Ϸ60 mJ/pulse͒ was slightly focused into the reaction chamber by a cylinder lens ( f ϭ380 nm). The photolysis chamber was pumped by a diffusion pump. The HCOOH ͑98%͒ vapor flowed into the reaction chamber with the pressures of 10, 30, 60, and 130 Pa, respectively. The infrared ͑IR͒ emissions from photofragments were collected by a pair of gold-coated spherical mirrors and directed into a FTIR spectrometer ͑Nicolet 800͒. An InSb detector was used to detect the IR emission. The spectral resolution of the instrument was set at 16 cm Ϫ1 . Ten time-sequenced interferograms with a spaced 18 s after the laser pulse could be acquired with a data acquisition system.
There exists an equilibrium between the monomer and the dimer of HCOOH 24 with equilibrium constant Keqϭ͓HCOOH͔ 2 /͓HCOOH͒ 2 ͔ϭ1.09ϫ10 Ϫ7 mol/cm Ϫ7 . The concentrations of monomer at different vapor pressures are presented in Table II . At all of the pressures the IR emissions after laser photolysis were observed.
III. COMPUTATIONAL DETAILS
Ab initio calculations are used to explore the groundstate S 0 for internal rotation, decarboxylation, and dehydration reactions of formic acid. The geometry optimization, vibrational frequency, and IRC calculations are carried out at the MP2 level using 6-311G(d,p).
The stationary structures on the lowest triplet T 1 and the first excited singlet S 1 surfaces were fully optimized with the complete active space self-consistent field ͑CASSCF͒ method without any symmetry constraints. Once convergence was reached, the harmonic frequencies were examined, so that true minima or saddle points could be confirmed. In the CASSCF calculations, the active space consists of seven orbitals which originate from the , *, and n orbitals of the carboxylic group and the C-H,O-H, or C-O and * orbitals, providing eight electrons. The energy of the separating fragments was determined by a supermolecular calculation with the same basis set and active space as that in the calculations of the bound fragments. The correlation-consistent atomic natural orbital basis sets, ccpVDZ and cc-pVTZ, 25 were employed. The geometry of
The infrared emission spectra of HCOOH( P HCOOH ϭ60 Pa) photolyzed by a 248 nm laser at different delay time. HCOOH (S 0 ) is also optimized at the CAS͑8.7͒/cc-pVDZ and CAS͑8.7͒/cc-pVTZ levels in order to obtain the relative energies of the stationary points on the excited-states' surfaces. The CAS ͑8.7͒/cc-pVDZ zero-point vibrational energy was scaled by a factor of 0.85 in calculations of the barrier heights and reaction energies. All the ab initio calculations have been performed with the GAUSSIAN 94 or G98W program packages.
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IV. RESULTS AND DISCUSSIONS
A. Photolysis at 248 nm
Products
Three IR emission bands were recorded when formic acid was photolyzed by the 248 nm laser. Figure 1 shows emission spectra at different delay times after laser firing. In the 3 s spectrum an intense emission between 1820 and 2370 cm Ϫ1 was recorded, representing an overlap of CO and CO 2 ( 3 ) emission bands. The hot products are relaxed mainly by collisional quenching. The overlapping band splits into two components 18 s later in the second spectrum. The 1820 to 2220 cm Ϫ1 components are assigned to the v→v Ϫ1 emission of CO, while the other between 2220 and 2390 cm Ϫ1 is attributed to the 3 mode of the v→vϪ1 emission of CO 2 . The CO 2 ( 3 ) emission decays very fast and almost disappears at 39 s after the laser pulse. Such rapid vibrational relaxation can be interpreted as near-resonant vϪv energy transfer from the hot CO 2 ( 3 ) to the precursor molecule HCOOH ͑CϭO stretching mode, 2325 cm Ϫ1 ͒. In contrast, the relaxation of CO(v) is slower. A fairly intense emission of CO(v→vϪ1) can still be observed at 129 s.
In the 3 s spectrum, another weak emission was recorded between 3125 and 3625 cm
Ϫ1
. It might be assigned to the 1 mode of the H 2 O molecule generated from channel ͑1͒ or to OH from channel ͑3͒. Due to only a small amount of available energy ͑ϳ18 Kcal/mol͒ in channel ͑3͒, it was difficult to vibrationally excite the OH product. Ebata 21 also reported that there is almost no vibrational excitation of the OH radical generated in photolysis. Therefore, this emission band is assigned to the 1 mode of H 2 O.
Spectral simulation
The contour line of the CO and CO 2 emission spectra has been simulated. The IR emission intensity of each rovibrational transition has been normalized by the corresponding Einstein spontaneous emission coefficient A (v,J). Therefore, the relative population of each rovibrational state of the CO and CO 2 molecules is obtained. At a pressure of 60 Pa, more than ten collisions take place between the molecules in 3 s. The rotational excitation has been substantially quenched by this time. We therefore used a specific rotational temperature T R to represent the rotational population. The best fitted T R at 3 s for CO and CO 2 are 450 and 550 K, respectively, while a T R of 350 K is suitable to fit the spectra after 21 s. Figure 2 shows a comparison between the experimental and simulated spectra at 3 s.
As the vibrational quenching is relatively inefficient, the vibrational population at 3 s delay is still close to that of the nascent products. Table III presents the relative vibrational populations at 3 s after the photolysis. Both the CO and CO 2 products are highly vibrationally excited. There is an apparent population inversion for CO 2 . The most populated level is vϭ5. At the longer delay times, the emission band of CO 2 shifts toward higher frequency due to vibrational relaxation ͑Fig. 2͒.
The yield ratio of the CO(vϾ0) and CO 2 ( 3 ,vϾ0) is 30, which is estimated by comparing their total populations listed in Table III . The populations have been normalized by the Einstein A coefficients; the sum of the populations reflects the relative concentrations of the excited CO(vϾ0) and CO 2 ( 3 ,vϾ0) molecules. Each CO 2 molecule has three vibrational modes ͑v 1 , v 2 , and 3 ) with a double degeneracy of v 2 . We can only record the 3 mode by the InSb detector used in the experiment. Assuming the vibrational energy is individually and equally distributed among all three modes, the total population of the CO 2 might be four times than that of the CO 2 ( 3 ) mode. The yield ratio of CO/CO 2 at 3 s delay then roughly equals CO/4CO 2 ( 3 ), or 7.5. As the vibrational quenching of CO 2 is much faster than that of CO, it is anticipated that the yield ratio CO/CO 2 of the nascent products must be less than 7.5. Furthermore, the above ratio refers only to the vibrationally excited CO and CO 2 species. The ground state (vϭ0) is not included, although it might be not important.
Channel identification
The nascent products of CO, CO 2 , and H 2 O are directly observed in the spectrum. Yield dependence of CO and CO 2 on laser power was measured to be 1.0Ϯ0.1 and thus the two-photon process is ruled out. Both products are highly vibrationally excited. They should be generated from a highly exothermic channel. For single-photon photolysis at 248 nm, the large amount of the available energy, 109 kcal/ mol released from channel ͑1͒ or 119 kcal/mol from channel ͑2͒, is sufficient to excite CO or CO 2 ( 3 ) up to vϭ11. All of this indicates that the photolysis pathways are through channels ͑1͒ and ͑2͒. 
B. Photolysis at 193 nm
Products
The 193 nm photolysis of HCOOH was accomplished by using an ArF laser. Figure 3 shows the IR emission spectra of the photofragments. In the 3 s spectrum, three emission bands were recorded. Again, the emissions between 1960 and 2360 cm Ϫ1 are attributed to the overlapping bands of CO (v) and CO 2 ( 3 ), similar to the one at 248 nm.
A new emission centered at 1864 cm Ϫ1 was also observed. It is assigned to the C-O stretching mode of HCO ͑fundamental vibrational frequency being 1868 cm Ϫ1 ͒. The H 2 O( 1 ) emissions were not observed, perhaps because of the low signal-to-noise ratio in the spectrum.
Vibrational populations
Spectral simulations were also performed for the emission spectra of CO(v) and CO 2 ( 3 ) at the delay of 3 s. The vibrational populations were presented in Table III . Comparison between the simulated and experimental spectra is shown in Fig. 4 . The highest vibrational energy levels populated in CO and CO 2 are at vϭ6 and vϭ4, respectively, which are slightly lower than those in the 248 nm photodissociation.
A ratio of the excited CO(v) to CO 2 ( 3 ,v) is obtained as 44 by comparing the total populations, and the yield ratio of 11 is estimated for the CO(vϾ0)/CO 2 (vϾ0) with the same assumption in the above analysis of 248 nm photolysis.
Channel identification
The observation of highly vibrationally excited products CO and CO 2 again verifies the occurrence of channels ͑1͒ and ͑2͒. The CO(v)/CO 2 ( 3 ) ratio of 11 indicates that the channel ͑1͒ is a more important pathway. However, channel ͑3͒ has been identified by the observation of the HCO( 2 ).
C. The dissociative profiles of the potential energy surfaces 1. S 0 state
The geometries of cis-and trans-formic acid in the S 0 state are optimized at the CASSCF and MP2 levels with cc-pVDZ, cc-pVTZ, and 6-311G(d,p) basis sets ͑Fig. 5͒. The barriers of the isomerization from the trans-to the cis- 12 The cis-and trans-isomers link to the products of H 2 ϩCO 2 and H 2 OϩCO, respectively, with solid lines in the energy correlation diagram ͑Fig. 6͒. For the reaction channel ͑1͒, our calculated barrier height from the trans-isomer is 67.6 kcal/mol, agreeing with Goddard's result of 68 kcal/mol. 12 Our calculated barrier of channel ͑2͒ is 67 kcal/mol, which is lower than the Goddard's result of 71 kcal/mol.
The S 0 surface can also be accessible to the radical channels ͑3͒-͑5͒ shown by the solid lines in Fig. 6 . No transition state was found in the reaction pathways. The potential energy profiles correlate to the products with the energy of 102.1, 93.0, and 112.5 kcal/mol higher, respectively.
S 1 state
The S 1 minimum at the CAS ͑8,7͒ level with the ccpVDZ basis set has a nonplanar structure, shown in Fig. 5 . The calculated 0-0 energy gap between S 0 and S 1 is 114.5 kcal/mol, which is comparable with the band origin at 38 463 cm Ϫ1 ͑110 kcal/mol͒. 6, 7 There are three possible dissociation pathways on the S 1 surface. The most feasible channel is ͑3͒, leading to two ground-state radicals, OH( 2 ⌸) and HCO( 2 AЈ). There is a transition state TS 1 (S 1 ) with a low energy barrier of 14.7 kcal/mol at the CAS ͑8,7͒/cc-pVDZ level. The geometry of the transition state, TS 1 (S 1 ), is shown in Fig. 7 .
The second dissociation pathway on the S 1 surface leads to H( 2 S) and COOH(A 2 AЉ) with a high barrier of 49.8 kcal/ mol ͑Fig. 6͒. The third reaction pathway on the S 1 surface correlates to the H( 2 S) and the excited HCOO( 2 AЉ), which is 28.2 kcal/mol above the ground state HCOO( 2 AЈ). The optimized geometry of the transition state TS 3 (S 1 ) is also shown in Fig. 7 , while the barrier height is calculated as 28.0 kcal/mol.
T 1 state
The stationary structure of the T 1 minimum is optimized at the CAS ͑8,7͒ and MP2 levels with the cc-pVDZ and cc-pVTZ basis sets. Figure 5 shows the CAS ͑8,7͒/cc-pVDZ nonplanar structure. There are also three dissociation pathways on the T 1 surface. In contrast to the S 1 surface, the T 1 surface is only accessible to the products in their ground states shown by the dashed lines in Fig. 6 . For channel ͑3͒, a first-order saddle point ͓TS 1 (T 1 )͔ is found. TS 1 (T 1 ) is confirmed by the IRC calculations as the transition state, leading to HCO( 2 AЈ) and OH( 2 ⌸). The barrier height is 15.1 and 14.6 kcal/mol at CAS͑8,7͒/cc-pVDZ and CAS͑8,7͒/cc-pVTZ levels, respectively. A scaled CAS͑8,7͒/cc-pVDZ zero-point energy correction is made for the barriers. The spin contamination in the reference wave function is very small. The expectation value of the S 2 operator is very close to 2.00 for the pure triplet state.
Unlike that in the S 1 surface, the second dissociation pathway in the T 1 surface correlates to the products of H( 2 S) and the ground-state COOH( 2 AЈ). The latter is 65.6 kcal/ mol lower than that of the excited state COOH( 2 AЉ). The corresponding energy barrier ͑20.6 kcal/mol͒ is also lower than that on the S 1 surface ͑49.8 kcal/mol͒.
The third pathway on the T 1 surface leads to the fragments of H( 2 S) and the ground-state HCOO( 2 AЈ). A barrier height of 22.6 kcal/mol is calculated.
D. Reaction mechanism 1. 248 nm photolysis
The diffuse bands between 250 and 225 nm in the absorption spectrum indicate that HCOOH undergoes predissociation. Energetically, a 248 nm photon ͑115 kcal/mol͒ can barely excite a HCOOH molecule from the S 0 to the S 1 state ͑114.5 kcal/mol͒. Obviously, the excited molecule is unable to undergo the dissociation reactions ͑3͒-͑5͒ either on the S 1 or on the T 1 surfaces. However, an internal conversion of S 1 →S 0 followed by decomposition of the molecule on the S 0 surface is possible. In the 248 nm experiment, the dissociation products are CO 2 , CO, and H 2 O. The observation also supports that molecular elimination takes place in the S 0 state, just like in the pyrolysis of HCOOH. Again, the above mechanism is supported by the energy disposal in the products. Goddard et al. predicted that the CO 2 produced in the S 0 state should be highly vibrationally excited. 12 Our population analysis ͑Table III͒ shows that the CO and CO 2 products of 248 nm are indeed vibrationally hot.
The CO/CO 2 ratio of 7.5 shows that channel ͑1͒ is dominant, although the energy barriers of channels ͑1͒ and ͑2͒ are the same on the S 0 surface, but the preference of the reactions can be explained by their dynamic behavior. Because the lifetime of the highly vibrational excited HCOOH molecule is very short, there is not enough time to statistically redistribute the energy over various vibrational modes. The fate of the highly energized molecule is dynamically controlled. The preference of forming COϩH 2 O over CO 2 ϩH 2 may be due to geometric feature of the transient species. As shown in Fig. 7 , the two H atoms are located on the opposite sides of the O-C-O plane in the S 1 minima. The H 2 -eliminating reaction could not take place with this geometry. In contrast, the geometry is feasible to channel ͑1͒, which produces COϩH 2 O, simply via a H atom hopping process.
193 nm photolysis
Absorbing a 193 nm photon, formic acid (S 0 ) can be excited to the high vibrational levels of the S 1 state. The wavelength of 193 nm is in the continuum region of the absorption spectrum. Therefore, a strongly dissociative feature of the highly energized molecule is anticipated. The excess energy ͑148-114.5ϭ33.5 kcal/mol͒ is sufficient to overcome the low barrier ͑14.7 kcal/mol͒ of channel ͑3͒, producing HCO and OH radicals ͑Fig. 6͒. The HCO was observed in this experiment and the OH was recorded by other groups. [14] [15] [16] [17] [18] [19] The CO and CO 2 in the 193 nm photolysis arise from the decomposition of the highly vibrationally excited S 0 state HCOOH after an internal conversion of S 1 →S 0 . The ratio of the nascent CO/CO 2 molecules is higher than that in the 248 nm case, suggesting that the formation mechanisms at the two wavelengths are similar. Furthermore, we assume that the most energized S 1 molecule is consumed with the reaction channel ͑3͒. Only the remaining less energetic molecule converts to the S 0 state. Therefore, the highest vibrational levels of the CO(v) and CO 2 (v) found in the 193 nm photolysis are lower than 248 nm ones.
Dissociation on the T 1 surface is not likely to occur, because there is a series of fairly high energy barriers that must be overcome. The barriers for forming HϩCOOH and HϩHCOO are calculated as 20.6 and 22.6 kcal/mol, respectively. The COOH and HCOO formed are unstable. Further decomposition has been well studied by Schatz et al. [27] [28] [29] The most favorable dissociation pathway of HCOO is forming HϩCO 2 with a barrier of 16.3 kcal/mol. The COOH dissociates to OHϩCO through a loose transition state at 35.6 kcal/mol. In addition, the requirement of 35.6 kcal/mol in the latter pathway would cause a relatively minor production of CO compared to that of CO 2 . However, our observation of the CO/CO 2 ratio showed the opposite results. Therefore, the CO and CO 2 are probably not produced on the T 1 surface. Furthermore, CAS͑8,7͒/cc-pVDZ calculations indicate that both S 1 and T 1 have similar (n-*) electronic configuration. It is well known that the spin-orbit coupling is small. 30 Therefore, it is likely that the direct intersystem crossing from S 1 to T 1 is not efficient.
V. CONCLUDING REMARKS
͑1͒ Five dissociation channels of formic acid are theoretically studied. Ab initio calculations were performed on the ground-state S 0 and the excited states S 1 and T 1 surfaces. The optimized geometries, energy minima, transition states, and energy barriers along the dissociative profiles of the PES are found. ͑2͒ The photodissociation of formic acid was studied at 248 and 193 nm wavelengths, respectively. The nascent photofragments were detected by TR FTIR spectroscope. ͑3͒ After the photolysis of HCOOH, vibrationally excited fragments of CO(vр8), CO 2 (v 3 ,vр9), and H 2 O( 3 ) at 248 nm, and CO(vр6), CO 2 (vр5), and HCO( 2 ) at 193 nm were observed. The vibrational excitation of CO and CO 2 is slightly lower at 193 than that at 248 nm. ͑4͒ The photolysis of HCOOH at 248 nm occurs primarily via the two molecule-elimination channels of HCOOH→COϩH 2 O and HCOOH→CO 2 ϩH 2 . The branching ratio of the two channels is estimated as Ͻ7.5. The mechanism is believed to be a dissociation process in the S 0 state after an internal conversion from S 1 to S 0 . ͑5͒ A new product, i.e., HCO, is observed in 193 nm photolysis. This product is probably formed on the S 1 sur-face. But CO and CO 2 are formed on the S 0 surface. The CO(v)/CO 2 (v 3 ,v) ratio is 11, which indicates that the dissociation mechanism is analogous to the 248 nm case. ͑6͒ The high CO/CO 2 yield ratio can be explained on the basis of dynamic and geometric reasons. The energized, trans-like HCOOH molecule suddenly dissociates, preferably producing H 2 OϩCO before the vibrational energy can be statistically redistributed in the molecule.
